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Abstract
Complete modeling of cells/modules/generators in photovoltaic (PV) systems presents a high interest in actual 
research in electrical systems in the renewable energies to improve the global generator efficiency. Nevertheless, only 
a low level of publications treating this subject exists in literature. In the past, Bishop has suggested a model based on 
a computed mathematical function that supports the reverse mode biased effect of solar cells, i.e. the mode existing 
when the cells are partially or completely shaded and as a consequence, when these cells behave as receiver instead 
of source. In Ref. 2 and Ref. 3, Gow and Campbell, have developed physical models respectively but have treated the 
behaviour of the solar cell under full or reduced illumination in direct mode only. 
In the present contribution, we discuss experimental results modeled by this DRM model, pointing out the influences 
of partial shading defects on a single PV cell. The experimental procedure was based on the use of a thermal camera 
to highlight the rise in temperature and hot spots. Results point out that the shady and the healthy sides of a PV cell 
are almost in the same state of suffering, in case of non uniform illumination. The experimental results of the DRM 
were positively compared to the simulation ones based on the model, which is thereby validating together with the 
experimental process. Finally, using the experimental results, the DRM model is also compared to classical models, 
and with an implicit model, showing its suitability.
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1. Introduction:
The behaviour of a PV cell is related to several factors. Among these f
i.e. mono-crystalline silicon, polycrystalline silicon, thin film or organic PV cells are of major importance 
and determine the behaviour, which is different even when panels are exposed to the same external 
conditions (solar irradiance, operating temperature, speed of wind ...) [1-5]. In addition within the same 
technology there are several electrical parameters that influence the current-voltage, I-V characteristics of 
a PV cell. The conversion efficiency of the solar cell are affected by the short-circuit current and the open-
circuit voltage and by various losses sources. In classical models of PV cells or systems, these parameters 
appear under the form of series and shunt resistors. The series resistor is essentially composed by the sum 
of front and back contact resistors of the cell and of the resistor between the diffused layer and the solar 
cell on the top. Meanwhile, the shunt resistor is the parallel path to high conductivity through the p-n
junction, characterized by the leakage current. It should be noted that high values of the series resistor and 
the low values of the shunt one significantly affect the power that be should delivered by the system. 
In this paper, we present in the first paragraph an exhaustive synthesis of the classical models existing 
in literature starting with the implicit model introduced in 1982 by Hart [6]. In previous publication [7], 
we have presented a physical model able to reproduce the behaviour of a PV cell and PV modules either 
in direct or reverse biasing modes taking into account the influence of variations of temperature and solar 
radiation on the I-V characteristics. This model has been confronted with experimental results and was 
named Direct and Reverse Modes (DRM) model of PV cells/panels/generators (DRM model). In the 
present contribution, we discuss experimental results modeled by this DRM model, pointing out the 
influences of partial shading defects on a single PV cell. The study of the DRM model, taking into 
account partial shadings, is made using an implementation in PSPICE-ORCAD and compared with 
experimental results. The experimental procedure was based on the use of a thermal camera to highlight 
the rise in temperature and the appearance of hot spots heating. Results point out that the shady and the 
healthy sides of a PV cell are almost in the same state of suffering, in case of non-uniform illumination. 
The experimental results of the DRM were also positively compared to the simulation ones based on the 
model, which is thereby validating together with the experimental process. Finally, using the experimental 
results, the DRM model is compared to classical models [1-5], and with an implicit model implemented 
under Matlab® [6], showing its suitability. The DRM model was also validated by experiment.
2. Description of the various models of solar cells:
2.1. The implicit model:
V of a PV 
panel is given by [6]
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The model described by Eq. 1 depends on four parameters that are the short circuit-current ISC, the 
open-circuit voltage VOC, the maximum current Im and the maximum voltage Vm related to the maximum 
power point (MPP). The two coefficients C1 and C2 are coupled and calculable.
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2.2. The five-parameters model
losses through a shunt Rsh and a series RS resistors [4] as represented by the equivalent circuit in Fig. 1. 
This model is described by Eq. 2, where I is the load current, V the output voltage of the PV panel, I0 the 
reverse saturation current through the diode, Iph the photocurrent, RS the series resistance, q the electron 
charge, K the Boltzman constant, T the temperature in K and A is the ideality factor.
Figure 1: Equivalent circuit of the five parameters model of a solar cell including the effects of power leakage 
through the resistances RS and Rsh.
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Primarily, this model exists with four parameters (excepting Rsh) that are: Iph, I0, RS and A. the 
drawback of this model without Rsh, which describes the I-V characteristic curves, is that the parameters 
are measured with a simple way based on graphical methods that lack precision. The fifth parameter in 
this model is the shunt resistor Rsh. The determination of these five parameters for a given temperature 
and solar radiation, is made through the use of the open-circuit voltage VOC, the short-circuit current ISC,
the voltage Vm and Im at the maximum power point (MPP) and the slopes of the I-V curves near VOC and 
ISC. Thus, the determination of these different parameters is well describing in [5].
2.3. The two- diodes model
S and Rsh, the 
two p-n junctions of exponential type and the photo-current Iph. Eq. 3 gives the mathematical description 
of this model.
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The parameters of this model, Iph, A1, A2, I01, I02, RS and Rsh are determined by numerical methods cited 
in [2, 5]. 
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Figure 2: Equivalent circuit of the two diodes model (five parameters) of a solar cell.
2.4. The direct and reverse mode model
to faithfully reproduce the behaviour of a PV cell, module or even a PV generator in both direct and 
reverse mode biasing within the limits of computers. This model is a generalization of the two-diode 
model taking into account the possibility for the sensor to be in operating in presence of partial shadings,
i.e. in reverse biasing mode. In the equivalent circuit reported in Fig. 3, we show the equivalent circuit of 
the DRM model representing the actual photovoltaic cell behaviour in direct and reverse mode 
experimentally determined. The three DC sources were added for taking into account the various 
thresholds appearing in the inverse part of the characteristic of the solar cell.
Figure 3: Equivalent circuit of the DRM model.
The specificity of this model that would consider the solar cells behaviour mode directly from the 
model with two diodes (five parameters), reproduce with fidelity the behaviour in reverse biasing mode. 
Among these drawbacks, to simulate a simple panel this model needs a large amount of compounds 
hugely increasing the computation time. For example, a panel composed by two strings of 19 cells in 
series each, induced a scheme with 38 DC sources, 570 diodes and 114 batteries for the reverse mode 
presentation in addition to the resistors. This huge number of components increases losses and made 
calculations more complex and slower. A consideration of the DRM model applied to a string instead of a 
cell then provides an interesting improvement of the simulating method. Nevertheless, this model is 
useful when the consideration of the effect of shading on a part of a cell or on a cell in a string is 
considered.
3. The direct and reverse mode model applied to partial shadings
We introduce in the present contribution, the notion of two half-PV cells simulated with the DRM model 
to study the effect of the partial shading of PV cells. In case of partially shading of a PV cell, the shaded 
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part is reversely biased and its voltage is in opposition to the entire string voltage with a value of about -
15 volts (negative value). It is well known that in this case, the shaded part hugely suffers due to the 
current crossing it in reverse mode and the resulting temperature elevation. 
To our knowledge, the rate of suffering consequence of such a situation in the non-shaded part of the cell 
is not considered in literature. To analyse this effect, we have improved the DRM model by adding the 
connection in parallel of two half-cells as shown in Fig. 4. The study of the DRM model, taking into 
account partial shadings, is made using an implementation in Orcad® where different levels of solar 
irradiation are considered to simulate the presence of shading.
Figure 4: Equivalent circuit of the direct and reverse mode model integrating two half-PV cells.
In this case, each half-PV cells provides a current of 2 A under normal conditions corresponding to a 
delivering current by the entire cell equal to 4 A. The simulation results shown in Figs. 4 show that when 
a half PV cell is fully shaded, the current equal to 2 A is produced only by the half PV non-shaded cell. 
The two halves fit in reverse modes at 0.4s. After this delay, the two parts operate as receivers and begin 
to consume power instead of producing any. This true situation corresponds to what happens when a PV 
cell is exposed in any manner to a 50% reduced illumination. Fig. 5.a shows that the current of the PV 
cell decreases with the decrease of the illumination levels on one of the two half-cells and reach 2 A in 
case of partial shading of the entire surface of the half PV cell.
Figure 5: I-V characteristics of the two parts of the PV cell are the same (a), power consumed by each half PV cell in 
the presence of different levels of shading on a half PV cell(b).
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Figure 5: Temperature distribution on the surface of a partially shaded PV cell in operating module. The temperature 
rises to 40 ° C and drops by conduction near the walls of the module. The non-shaded, left in the figure, is subject to 
high temperature, over than 40°C.
The consequence of a shaded zone in a cell is the consuming of the current and its conversion under 
thermal energy. Thus, we have checked the temperature and its increase in such situation over the entire 
cell. The distribution of temperature on the surface of a cell in a partially shaded PV cell was recorded by 
a thermal camera IR32, images are reported in Fig. 5. The experimental results show that the temperature 
rises to 40 °C and drops by conduction near the walls of the module. Results also point out that the non-
shaded part of the cell is subject to high temperature, over than 40°C.
In Fig. 5-b we show the effect of the shaded area on all the PV cell surface. We can see that the 
consequence of the shading affects the entire surface by the apearence of a hot spot heating. The 
simulation shows that both shaded and normally illuminated parts of the PV cell consume an identical 
power around 15 W as long as they become receivers. This is the reason why in case of partial shading of 
one PV cell, there is a rise of the temperature rise in all the whole surface of the cell and as a 
consequence, the appearence of a hot spot. 
4. Comparison between the implicit and DRM models
Additionally to the simulation, an experimental comparison between the implicit and the DRM models is 
made. We report in Figs. 7 the simulation and experimental I-V characteristics observed in the direct 
mode biasing of, Fig. 7.a, a panel constituted by 60 PV cells in series delivering a short-circuit current of 
3A and an open-circuit voltage of 36 volts and Fig. 7-b, a module with 36 PV cells in series delivering a 
short-circuit current of 3A and an open-circuit voltage of 21 volts.
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Figure 7: Simulation and experimental results of the I-V characteristics of a PV module through the implicit model 
(a) and through the DRM model (b).
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As already mentioned, the implicit model does not take into account the effect of shunt and series 
resistances of a PV cell or a solar module, Figure 7.a shows that simulations are quite different from 
experimental data for the I-V characteristics for two irradiation levels. Meanwhile, in the DRM model, 
the results obtained by simulations and the experimental data are confounded. Consequently, the DRM 
model actually supports PV systems behaviours in both direct and reverse biasing modes. It provides a 
better reliability even for complex systems. So the DRM model is a simulation quality tool for researchers 
and engineer designers of PV systems.
5. Conclusion
A presentation and a comparison are made of the different available models dedicated to simulation of the 
behaviour of solar systems including the basic element, solar cell, of any system. Most systems in 
literature only considered static and sometimes dynamic behaviour just in the direct mode biasing. The 
practical situation when one or more PV cells come into reverse conduction mode is thus not considered 
within these models. We have shown that the proposed direct and reverse mode model is a physical 
model well suited to such situation and allows to take into account the influence of shading defects in PV 
cell on the electrical performance of the system. The dynamic behaviour of a solar cell under partial 
shading was represented by the model, which gives the magnitude of the power consumed by the receiver 
cell. This result was validated by the experience with the help of a thermal camera. The DRM model, 
compared with the implicit model confirmed its better reliability and confidence with the reality. The 
DRM model can be consider as an interesting tool for the simulation of the dynamic behaviour of 
photovoltaic systems taking into account the possible shading defects.
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